Abstract. In this paper, the design of knee assistive exoskeleton mechanism was discussed, which could enable human knee axis to align the exoskeleton active joint axis ideally. Based on the data of the knee joint flexion experiment, the knee joint screw motion parameters could be extracted. According to the knee joint physiological structure and the instantaneous characteristics of screw axis, the knee joint kinematic model was established. Then, according to the DOFs analysis of human-machine closed chain and the human-machine compatibility, a novel knee exoskeleton mechanism configuration was proposed. And the positional solution of human-machine closed kinematic chain was solved. It can be found that the motion between knee assistive exoskeleton mechanism's joint and human knee joint had certainly quantificational relationship, and the knee assistive mechanism had a fine motion synchronicity with the human knee joint. In addition, while the method of screw axis and the exoskeleton design were proposed for human knee joint, they are also applied to other human limbs.
existing mechanism design is that obtaining the simple mechanism configurations. But these rehabilitation institutions only can guarantee the exoskeleton active joint's axis aligns with the human knee joint's axis in the sagittal plane without considering other planes. Few researchers discuss the ways about satisfying the axis alignment between human and machine from the point of the design of exoskeleton mechanism.
Combining the instantaneous characteristics of the knee joint axis, the establishment of the human knee joint kinematics model and the DOF analysis of the human-machine closed chain, the problem about designing the rehabilitation exoskeleton with good human-machine compatibility was studied in this article. A knee exoskeleton mechanism was put forward for the rotation assistance of the human knee complex. When it was connected to the human knee joint, a one-DOF human-machine closed chain was formed, and the kinematics of the human-machine closed chain was investigated.
Proposing the Rehabilitation Mechanism

Collecting the Experimental Data
The experimental data were acquired by the NDI OPTOTRAK optical motion capture system. Landmark's location is shown in the Fig.1 . The NDI capture system continuously tracked the 3D location of the markers which were expressed in global coordinate system, which concluded marker's XYZ coordinates of fifteen flexion angles. 
Calculation Method of Screw Parameters
Once the coordinates of these landmarkers of the moving object were collected, the screw parameters which described the screw motion of rigid body could be obtained. By applying point cluster technology to the landmarkers' coordinates, the homogeneous transformation matrices were extracted [11] . Then, screw parameters of the knee joint instantaneous motion were extracted from the homogeneous transformation matrix [12] .
Establishing Kinematic Model and Mechanism Configuration
The location and orientation change of these screw axes describes the kinematic characteristic of the knee joint's rotation axis, shown in the Fig.2 . The figure shows that the location and orientation of knee joint screw axis change with the change of joint angle. According to the physiological structure of knee joint and the transient properties of screw axis, knee kinematics model can be equivalent to a generalized 1 DOF revolute pair.
The human knee joint kinematic model can be considered as a generalized 1 DOF revolute pair. Basis on the bionic design of knee joint movement, the active joint of the knee exoskeleton is set as a 1 DOF revolute joint. Considering structural simplicity, interaction force between human and machine and the choice of the DOF to be freed, a human-machine movement compatibility knee rehabilitation exoskeleton mechanism configuration was proposed, as shown in Fig.3 . 
Positional Solution of the Human-Machine Closed Chain
The human-machine closed chain is illustrated in Fig.4 . In the serial kinematic chain R1CS of knee assistive mechanism. The human knee joint can be equivalent to a generalized 1 DOF rotation model which axis changes instantaneously. As showed in the Fig. 4 , the axes of human knee joint move in the double quasi-conic frustum with an elliptical cross section. Therefore, the center point O of the ellipse section is supposed as the rotation center of all the screw axes. To carry out the kinematic analysis, the frames 
Position Solution Method of Human-Machine Closed Chain
Supposing the human-machine closed chain is disparted at the S joint, and two open serial sub-chains OPABCDEF and OGF are obtained.
(1) The homogeneous transformation matrix 0 3
T of sub-chain OPABCDEF
denotes the position vector of point P described in frame
Where, 1  denotes the counterclockwise rotation angles about the 1 z axis; 0 l , 1 l and 2 l denote the length of PA, AB and BC, respectively. 
Where, 2  denotes the counter-clockwise rotation angles about the 2 z axis; 2 d denotes the displacement of joint C; 3 l denotes the length of CD;. 
Where, 4 l and 5 l denote the length of DE and EF respectively. Therefore, the transformation matrix 0 3 T which transfers the coordinates frame can be written as:   3   3  3  3   3  3  3  3  0  0  1  2  3  1  2  3   3  3  3  3 = 0 0 0 1
Where,   
T Trans x l Trans z l Rot y l
Where, 6 l and 7 l denote the length of FG and OG respectively. Therefore, the transformation matrix 
O X Y Z
 can be written as:
Where,   x , 2' y and 2 ' z axes respectively, vector
denotes the position vector of the center point F of the S joint, and all of them are described in frame
According to the concept of kinematics consistency, restriction equations can be acquired:
From Eqs (5) and (8) 
In Eqs (10) and (11), 1 1 A l  , the rest of coefficients i A , i B , i C are omitted here. Substitute Eqs (10) and (11) into Eq. (9) , we can obtain:
Substitute Eq. (13) into Eq. (12), we get: 2  2  13  11  11  13   2  12  14  12  14   2  11  13  11  13   2  2  23  21  24  21  23   2  22  25  22  25   2  21  23  24  21  23   2  2   0   2   2  2 2 0
Using Eqs (14) eliminate the interim variable x , we get: [ ] s P P P P P P P P T T T P P P P
In Eq. (17), 11 13 2 23 1 2 33 1 2 cos cos sin sin sin
, the rest of elements ij P are omitted here.
Position Analysis of the Knee Assistive Mechanism
In this section, a position solution example of the knee assistive mechanism was proposed, in which the angular displacement of human knee joint are adopted as the inputs of human-machine closed chain. The angle displacements of the knee joint are shown in Table 1 . In this example, the dimensional parameters of the knee assistive mechanism were proposed in Table 2 . In addition, the position offsets between the frame Table 3 . Furthermore, the joint displacements of the knee mechanism were calculated and the corresponding joint displacements were instructed in Fig.5 a) 
Summary
(1) The screw motion parameters of knee joint were extracted on the experiment data; According to the instantaneous characteristics of the knee screw axis, the kinematic model of knee joint was established; In terms of the DOFs of human-machine closed chain and the human-machine compatibility, a knee rehabilitation exoskeleton mechanism was optimized.
(2) On the basis of the concept of the kinematic consistency, the kinematic equations of the human-machine closed chain were established and predigested as a 8 th polynomial equation of one variable. And the position solution of human-machine closed chain can be obtained.
